stricted to endothelial and microgolial cells (27) . mCEACAMl is encoded by two al?eles to produce mCEACAMIa and -lb; mCEACAMIa is a much more efficient MHV receptor than mCEACAMlb (28, 29) . mCEACAMIa contains either two [Dl and D4] or four [D1-D4] Ig-like domains in tandem, a result of alter native mRNA splicing (26) . The crystal structure of mCEACAMIa [1, 4] shows that a CO loop (loop connecting ?-strands C and C) in (Table S4) , with two complexes per asymmetric unit (Fig. SI) . The structure was determined by single-wavelength anomalous diffrac tion (SAD) phases using selenomethionine-labeled mCEACAMIa.
The phases were subsequently improved by an averaging method (35) . We refined the structure at 3.1A resolution (Table S4) Fig. 2 ) . Surprisingly, this ?-sandwich core of MHV S NTD has a galectin fold, which will be discussed in detail later. 7A ). There is no significant structural change in mCEACAMIa before and after MHV binding (Fig. S2) . The four RBMs of MHV NTD contact two virus-binding motifs (VBMs) on the CC'C" face of mCEACAMIa ( Fig. 1C and Fig. 24 ). A total of 14 residues in NTD interact with a total of 17 residues in mCEACAMIa ( Fig. 3  A-C) . The binding buries 1,500 A2 at the interface (Fig. IB) critical hydrophobic patch involves multiple hydrophobic residues from both MHV and mCEACAMIa that include MHV residues Ile22 and Tyrl62 and receptor residues Val49, Met54, and Phe56 (Fig. 2D) (Fig. 3D ). Our data, together with published data (Fig. 3? likely disrupt these favorable interactions with MHV ( Fig. 3C and Fig. S3 ). For example, hydrophobic residues Ile41 and Phe56 in mCEACAMIa become hydrophilic residues Thr41 and Thr56 in mCEACAMlb ( Fig. 3C and Fig, S3 loops than MHV NTD (Fig. 3B and Fig. S3 ) and thus may use site A for sugar binding. To test this hypothesis, we modified the 10-11 loops in both BCoV and HCoV-OC43 NTDs, using MHV NTD as a reference (Fig. 3B and Fig. S3 MHV NTD, group 2b SARS-CoV C domain (24) , and group 1
HCoV-NL63 C domain (23) (Fig. 6) . Because of the significant sequence similarities of the SI subunits of the spike proteins within 
Materials and Methods
Protein Purification and Crystallization. Both MHV-A59 S1 NTD (residues 1-296) and mCEACAM1a [1, 4] (residues 1-202) were expressed in Sf9 insect cells using the bac-to-bac system (Invitrogen) and then purified as previously described (24) . Briefly, the proteins containing C-terminal His tags were harvested from Sf9 cell supernatants, loaded onto a nickel-nitrilotriacetic acid (Nt-NTA) col umn, eluted from the Ni-NTA column with imidazole, and further purified by gel filtration chromatography on Superdex 200 (GE Healthcare). To purify the NTD/mCEACAMIa complex, NTD was incubated with excess mCEACAMla before the complex was purified by gel filtration chromatography and con centrated to 10 mg/mL. Crystals of the NTD/mCEACAM1 a complex were grown in sitting drops at 4 ?C over wells containing 10% PEG6000 and 0.2 M Ancestral Coronavirus S1
C-domain Fig. 6 . Structures, functions, and evolution of S1 subunits of Coronavirus spike proteins. The three known crystal structures are indicated by "Struc ture." Among these structures, MHV NTD has a 13-stranded galectin-like ?-sandwich fold, HCoV-NL63 C domain has a six-stranded ?-sandwich fold, and the SARS-CoV C domain has a five-stranded ?-sheet fold.
CaCI2. Crystals were harvested in 2 wk; stabilized in 10% PEG6000, 0.2 M CaCl2, and 30% ethylene glycol; and flash-frozen in liquid nitrogen.
Selenomethionine-labeled mCEACAMla was expressed in Sf9 cells as previously described (43) . Briefly, 24 h postinfection, cells were transferred into medium without methionine for methionine depletion. After 4 h, cells were transferred into medium without methionine but supplemented with 50 mg/mL selenomethionine for selenomethionine labeling. After 36 h, cells were harvested and selenomethionine-labeled protein was purified using the same procedure as above.
Structure Determination and Refinement. X-ray data were collected at Ad During both density modification and structure refinement, the twofold NCS restraint was applied to each of the three domains?NTD and domains D1
and D4 of mCEACAMla?between the two complexes in each asymmetric unit. This is because domains D1 and D4 undergo a hinge movement relative to each other in the two complexes due to the flexibility of the domain linker. The structure was refined to a final /?free of 30.8% and f?work of 24.8%. Data, phasing, and refinement statistics are shown in Table S4 . Software used for data processing, structure determination, and refinement is also listed in Table S4 .
Kinetics and Binding Affinity of MHV S1 NTD and mCEACAMla by Surface Plasmon Resonance Using Biacore. The kinetics and binding affinity of MHV SI NTD and mCEACAMla were measured by surface plasmon resonance using a Biacore 3000. The surface of a C5 sensor chip was first activated with N hydroxysuccinimide, MHV S1 NTD was then injected and immobilized to the surface of the chip, and the remaining activated surface of the chip was blocked with ethanolamine. Soluble mCEACAMla was introduced at a flow rate of 20 pL/min at different concentrations. Kinetic parameters were de termined using A-EVALUATIONS software.
mCEACAMla-Dependent
Cell Entry of Lentiviruses Pseudotyped with MHV-A59 Spike Protein. Lentiviruses pseudotyped with MHV-A59 spike protein were produced as previously described (44) . Briefly, plasmid encoding wild-type or mutant MHV-A59 spike protein was cotransfected into 293T cells with helper plasmid psPAX2 and reporter plasmid pLenti-GFP at molar ratio 1:1:1 using polyethyleneimine (Polysciences Inc.). Forty-eight hours posttransfection, the resulting pseudotyped viruses were harvested and inoculated onto the 293 cells expressing mCEACAMla. After overnight, cells were washed twice with PBS and lifted by 100 of 0.25% trypsin and 0.38 mg/mL EDTA. After being washed twice with PBS, cells were fixed with 1% paraformaldehyde and an alyzed for GFP expression by flow cytometry. AH experiments were repeated at least three times. The expression levels of spike proteins in pseudotyped
